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Abstract 
The customization of the support site configuration (including the number, locations and capabilities of sites where maintenance staff are 
based) is of critical importance to functional product providers, who must provide maintenance support services for products operated by their 
customers at different locations and ensure that contractual guarantees for functional availability are met whilst keeping support costs under 
control. Since contract fulfilment costs are performance based and long term, they are difficult to predict without modelling. This paper 
discusses a decision support tool designed for use by management and engineering personnel at Functional Product providers to analyse and 
optimize the performance of their support base configuration. It features a graphical user interface for configuration customization, simulation 
modelling to predict performance and outputs a wide range of analytics that can be used to compare and optimize configurations. The tool is 
demonstrated via application to an industrial test case. 
 
© 2014 The Authors. Published by Elsevier B.V. 
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1. 1 Introduction 
In order to provide increased customer value and obtain or 
maintain a competitive edge a trend in the industrial economy 
is integrated product-service offerings that combine hardware 
and services. Concepts dealing with this issue are Product-
service systems (PSS) [1], Industrial Product-Service Systems 
(IPS2) [2] and Functional Products (FP) [3-5]. In this paper, 
the concept of FP is investigated where a function is provided 
to a customer for an agreed upon price over a specified period 
with contractually guaranteed functional availability. 
Functional availability is defined as the percentage of uptime 
for the function. This function is provided through hardware, a 
support system, software and management of operation [6]. 
This paper focuses on the hardware and support system 
components of FP. Due to the availability guarantee, an FP 
provider will incur financial penalties when functional 
downtime exceeds the contractual limits. The services 
delivered by the support system include the delivery of 
maintenance services to maintain functional availability at 
acceptable levels and thus reduce these penalty costs [5]. 
However, the provision of these services also incurs costs to 
the provider. These costs comprise of fixed costs from 
operating support sites at which maintenance technicians who 
perform maintenance are based (e.g. facility and labour costs) 
and variable costs from fulfilling the maintenance services 
(e.g. spare parts and travel costs). FP contracts therefore infer 
additional risks for the provider as they are sold for a pre-
agreed price whilst the costs depend on the long-term 
stochastic product performance, in terms of maintenance 
demands and functional availability, where availability is 
defined as the fraction of the total time that function is 
provided. An FP provider must predict costs for the available 
design choices in order to: reach design decisions that 
minimise them, understand the risk exposure and determine 
the commercial viability of the offer. Roy and Cheruvu [7] 
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investigated service costing approaches for whole life cycle 
solutions (WLCC) and concluded that the literature on 
integrated service solutions is scarce and assessing the cost of 
integrated solutions are rare. Part of the design space that has a 
significant impact on the costs is the configuration of the 
support sites. The support site configuration includes the 
choice of the number of support sites, their locations, the 
number of technicians based at each site and the hardware that 
can be supported from each site (e.g. due to spare parts 
availability and technician training). Future research 
challenges to be addressed in PSS include the development of 
tools for modelling and quantitative methods to help 
organisations understand the perceived value that a potential 
customer may hold and evaluate the level of service required 
[2]. Due to the complexity involved with predicting the costs 
arising from supporting a FP and the vast number of possible 
support site configurations, decision support tools are 
required. Since the role of a decision support tool is to enable 
the exploration of different design configurations, investigate 
trade-offs and “play with the model” [8], a visual interface has 
many benefits in terms of user-friendliness, efficient decision 
making and accessibility to those without modelling domain 
expertise. In this paper, a methodology for evaluating support 
site configuration designs using simulation modelling is 
presented along with a decision support tool that provides a 
user-friendly GUI to enable FP providers to interact with the 
model. 
2. The support site configuration problem for FP 
providers 
It is difficult for an FP provider to make informed decisions 
regarding the design of the support site configuration, in the 
absence of modelling and decision support tools, due to a 
number of challenges. These challenges include: 
 
x Variation in customer maintenance service demand and 
service level requirements: In this paper, the number and 
location of the sites at which customer operate the 
provider’s FP hardware, the hardware systems that they 
operate and the FP contracts for those hardware systems 
are collectively defined as the customer configuration. FP 
hardware is complex and will usually have many failure 
modes, each requiring specific restorative maintenance 
actions. The number of failure modes, their nature and 
frequency of occurrence will depend primarily on the 
design of the hardware system. In general, the FP hardware 
and contract terms will be customised by the provider 
according to each specific customer functional 
requirement. For example, for highly availability critical 
customer applications, hardware system designs with 
higher availability combined with FP contracts specifying 
higher downtime penalties may be offered. The service 
level required may therefore differ greatly amongst the 
customer base. The costs incurred are also non-linear with 
the service level provided. Downtime is allowed without 
penalty as long as the contractually stated minimum level 
of functional availability is met, whilst penalties may 
increase exponentially once that downtime threshold is 
exceeded. 
 
x Service response time complexity: In cases where a 
customer operates many FPs at a site or operates FPs with 
very high functional availability criticality, colocation of a 
support site at a customer site may be viable. In most 
cases, however, the most efficient solution will be to have 
decentralised support sites that serve multiple customer 
sites. Thus, support technicians will have to travel to 
customer sites to perform maintenance services increasing 
the downtime and costs. This travel time will depend on 
the locations of the customer and support sites relative to 
each other and the transport infrastructure. The 
consideration of the transport infrastructure means that 
there is not a linear relationship between the distance and 
travel time between customer and support sites. 
 
x Risk: Since the costs of supporting an FP are realised over 
the long term and depend on stochastic processes such as 
hardware reliability, the FP provider must predict the cost 
distribution and not only the expected costs resulting from 
a support site configuration design in order to account for 
risk [9]. 
 
The general facility location problem involves a set of 
spatially distributed customers and a set of facilities to serve 
customer demands. Frameworks for optimisation and 
provision of decision support for specific facility types such as 
logistical distribution [10,11], waste management [12,13] and 
emergency service response sites [14,15], as well as the 
general case [16-19], are related areas of research. No existing 
research that specifically investigated the provision of 
maintenance support sites for FP or that addresses the set of 
challenges outlined above was found in the literature. For 
example, in determining the travel time between site locations, 
the Manhattan or right-angle distance metric, the Euclidean or 
straight-line distance metric, or the lp-distance metric have 
been generally employed [16], none of which account for the 
transport infrastructure that is of practical importance in this 
case. In the next section, a method for predicting the support 
costs, including distributions, for a given customer and 
support site configuration over a time period of operation is 
presented. 
3. Decision support tool and modelling method 
Classic decision support tool design is comprised of 
components for (i) database management capabilities with 
access to data, information, and knowledge, (ii) modelling 
functions (iii) user interface designs that enable interactive 
queries, reporting, and graphing functions [20]. A tool for 
giving decision support to FP providers for the support 
configuration design problem is presented in this section. It 
has been developed by the authors in the C# programming 
language. It incorporates a discrete event simulation (DES) 
model and provides a graphical user interface (GUI) for 
setting up the input data, storing and retrieving the input data 
from a database, running simulations, analysing the simulation 
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data and displaying output the user in the form of graphical 
charts. The user interface has been developed to be easy to use 
and is targeted toward use by engineering and management 
staff at FP providers. The interface is divided into four tabs: 
Hardware Configuration, Customer Configuration, Support 
Configuration and Simulation Analysis. In the Hardware 
Configuration tab, the user specifies the hardware systems to 
be supported. Failure modes are then defined in terms of time 
to occurrence distribution, time to restoration distribution and 
cost of restoring the failure mode. To make the tool as flexible 
as possible, a wide variety of distributions are available 
including exponential, Weibull, normal, log-normal, triangular 
and uniform. In the Customer Configuration tab the user 
defines the name, location and hardware systems operated for 
each customer site. Uncertainties in maintenance performance 
time can be incorporated through the GUI through selecting a 
suitable distribution along with key parameters. The location 
coordinates can be either entered manually or through the 
integrated Google Maps [21] display. The use of the map 
display which allows site positions to be adjusted precisely 
and quickly through dragging and dropping, makes the tool 
easy to use and facilitates exploration of the solution space. 
For each hardware system, the specification can be chosen 
from a list that is created from the hardware systems specified 
in the previous tab. The FP contract terms are also represented 
by specifying the cost to the provider for each unit of time that 
the system is unavailable. In the Support Configuration tab, 
the name and locations of each support site is specified. 
Again, a Google Maps interface is provided for ease of use in 
inputting and modifying locations. Finally, the fixed costs 
associated with the operation of each support site over the 
simulated time period is specified. The software tool uses the 
Google Distance Matrix API service [22] to obtain realistic 
estimated travel times between customer and support sites that 
account for optimal routing within the transport network. This 
also increases efficiency and reduces errors when compared to 
manual input of travel time estimates from the user. 
A DES model [23] has been developed to predict the costs 
of operating a particular support site configuration design with 
a specified customer configuration. DES models the behaviour 
of a system over a time period as a sequence of events where 
each event comprises a transition in the system state at a 
specific time point. The DES technique was chosen for the 
model for a number of reasons, including that it: 
x Allows the creation of very high fidelity models that 
include detailed representations of complex processes for 
increased realism and accuracy. 
x Enables very detailed output data, including distributions 
that are necessary for understanding the possibility of 
extreme as well as expected outcomes. 
 
The main assumptions and simplifications of reality that are 
used in the model are as follows: 
x Failure modes for a hardware system are independent and 
non-competing. 
x The time to occurrence of a failure mode after each 
restoration is independently and identically distributed. 
x Each support site has unlimited technician availability and 
spare parts. 
x Technicians travel to customer sites by car or van. 
x Support technicians are able to restore any failure mode. 
x The times to failure mode occurrence are independent of 
the customer (for example, different utilization factors are 
not currently considered). 
x The duration between a failure mode occurring at a 
customer site and the initiation of its restoration is the 
travel time from the nearest support site. 
x The FP contract for each hardware system provided to a 
customer specifies a penalty cost paid to the customer by 
the provider for each unit time downtime that is incurred 
over the contract period. 
 
Some of these will be removed in the future to increase the 
realism and accuracy of the model; this is discussed further in 
the future work section of this paper. A Coloured Petri-net 
(CPN) [24] has been developed that gives a formal description 
of the model and is shown in Figure 1. 
 
Figure 1. Coloured Petri-net of state changes  
 
The details of the CPN are omitted but it can be briefly 
summarised as follows: Each FP is represented by a token 
which cycles through the CPN places that represent different 
states A change in state of a FP is represented by the firing of 
a transition which moves its representative token. This occurs 
when an FP begins operation, a failure mode occurs, a 
technician is assigned to restore it, the technician arrives at the 
customer site to begin a restoration, and when the restoration 
is completed. All times, except technician travel times, are 
generated according to the distributions input by the user 
through the GUI. The function “GetNextFailureTime” selects 
the failure mode that occurs next, whilst the function 
“AssignTechnician” assigns a technician from the support 
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base with the lowest travel time as determined from the 
Google Maps API.  
By performing a large number of simulation trials, a wide 
range of statistics can be calculated from the data collected 
including distributions for the cost of supporting the hardware 
and any contractual penalties incurred for product 
unavailability. In the Simulation Analysis tab of the decision 
support tool, the user can setup the parameters for the discrete 
event simulation, consisting of the time period to be simulated 
in each trial and number of trials. Figure 4 shows the 
Simulation Analysis tab after a simulation has completed. In 
the Support Configuration tab, the name and locations of each 
support site is specified. Again, a Google Maps interface is 
provided for ease. In the Simulation Analysis tab, the user can 
setup the parameters for the DES, consisting of the time 
period to be simulated in each trial and number of trials. This 
tab also presents charts displaying cost statistics generated 
from the latest simulation run. Each chart displays the 
distribution for availability, restoration and total costs from 
supporting hardware operated at an individual customer site 
(selectable from a dropdown menu) as well as hardware 
operated across all customer sites.  
4. Example usage: Comparison of support site 
configurations for BRMAB  
The method and tool will be illustrated by applying it to an 
industrial example from Bosch Rexroth Mellansel AB 
(BRMAB) [25]. BRMAB is a manufacturer and supplier of 
high-tech and reliable hydraulic drive systems that provide 
rotational power for use within industrial processes. In order 
to make the move to selling their products as FP, they need to 
be able to very accurately predict the support costs. They 
would like to be able to quickly evaluate different support site 
configurations so that they can minimize these costs. In this 
example, the tool was used to analyse the predicted total costs 
incurred over a period of five years for a single customer 
configuration and two alternative support site configurations 
for BRMAB. For reasons of commercial confidentiality, 
actual data for the industrial company has been replaced with 
fictional data in this paper.  
 
Figure 2.customer configuration tab 
 
The customer configuration consists of 14 customer sites, 
located across northern Sweden (13 sites) and Norway (1 
site), operating various BRMAB systems (typically 2 or 3 
systems per site). The locations of these sites can be seen on 
the map in Fig 2. The first support site configuration, named 
scenario 1, consists of four support sites at the locations 
across northern Sweden. For the second support site 
configuration, named scenario 2, three of the support sites 
were removed to leave a single support site located at Luleå. 
5. Result 
The result from scenario 1 can be seen in Fig 3 and the 
result from scenario 2 can be seen in in Fig 4. In scenario 1 
predicted total cost at the median percentile was 8 200 000 
whilst in scenario 2 it was close to 12 000 000. Scenario 2 is 
predicted to be much higher cost, primarily because the cost 
due to loss of availability is so much greater. The availability 
contribution (green) to the total cost is proportionally much 
higher in scenario 2, demonstrating the impact of reducing the 
maintenance service provision resulting from a reduction in 
the number of support sites. Since the cost of restorations 
(yellow) are much lower than those from availability even in 
the first scenario, this suggests that it may be beneficial for the 
support service provision to be upgraded with for example 
more support locations to reduce the availability costs. 
Another option would be to switch the hardware component 
into one more expensive with higher reliability. The results 
representing the costs from individual sites, such as those 
shown for the site “Kiruna1” in Figure 2, can be used by the 
user to gain further insight. For example, the result for that site 
shows that the costs from performing restorations are greater 
than those due to loss of availability, the opposite to the 
overall result that includes all sites. This suggests that the 
support configuration is such that better than average service 
is provided to this site. Finally, the results show that 
availability costs are the greatest contributor to risk in both 
scenarios. For example, in scenario 2, the availability cost 
varies between the lowest and highest percentiles in a span 
from 8 500 000 to 10 000 000 while the restorations cost is 
relatively more predictable and only varies between 2 400 000 
to 2 600 000. 
6. Discussion and conclusion 
The sale of FPs is a growing trend, where customers are 
provided with hardware that is supported by its provider under 
a contract that guarantees a specified level of functional 
availability. Providers of FP currently face significant 
difficulties in quantifying support costs and finding an 
optimal support site configuration for their customer base. 
The support costs are incurred from penalties for failing to 
meet contractual availability guarantees, fixed costs from 
support site provision and the cost of performing maintenance 
actions (e.g. spare parts costs). The need for decision support 
tools in this area has been highlighted both within the 
literature and poses a unique set of challenges and 
requirements. These challenges include the variation in 
customer service level requirement, the service response time 
complexity due to remote support bases and the management 
of support costs risk. 
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To meet the need for better decision support tools for 
industry, a DES model has been developed that can obtain 
predicted costs incurred for a given set of support sites and 
customer sites. In order to support decisions relating to the 
design of the support site configuration, this has been 
packaged within a software tool that enables easy setup of the 
model parameters using a user-friendly GUI. An example 
application of the tool to an FP was demonstrated to show the 
potential use of the tool in providing decision support for 
investigating different support site configurations by giving 
the user predicted support cost distributions. The tool is a 
concrete suggestion of how support system configurations can 
be modelled and simulated to support management decisions 
and produce direct feedback on how changes in support 
configuration, customer configuration or hardware design will 
affect the delivered function. This issue was identified in [26] 
as one of the key stepping stones for the future success of 
PSSs. A GUI such as the one provided in the software also 
increases the potential to be used in a multi-disciplinary 
setting, by allowing for sufficient overview without being a 
modelling expert. The methodology and decision support 
software tool presented in this paper are works in progress and 
will continue to be developed using feedback from BRMAB 
and other industry contacts. 
 
 
Figure 4. Simulation result from scenario 2 (one support site) 
7. Future work 
The tool presented in this paper is a decision support tool 
which gives the user a clear overview of the customer and 
support situation and the effect that different modifications 
will incur. In the future, an optimisation routine such as 
genetic algorithm could be implemented to provide the user 
with instructions on how to maximize profit and minimize 
risks. For the result of such an optimisation to retain any 
relevance, the income from all possible customers and their 
respective hardware and penalty (of loss of availability) costs 
has to be known. These numbers may be difficult to 
approximate and or confidential information. The following 
improvements to the model are currently under development: 
 
x Representation of the number of technicians based at each 
support site. 
x Representation of the capabilities of each technician in 
terms of the maintenance actions they are qualified to 
perform. 
x Representation of the spare parts held at each support site 
and the transfer of spares between sites. 
x Detailed representations of the hardware system 
availability, including the ability to model system 
redundancy through use of fault trees. 
x Representation of complex functional product contracts in 
order to accurately calculate penalties incurred due to loss 
of functional availability for the hardware systems 
operated by customers. 
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